A B S T R A C T Hypocalcemiiia in the hyponiagnesemic state in man is usually attributed to refractoriness of end-organs to the calcemic action of parathyroid hormone. We studied the responsiveness of end-organs to bovine parathyroid extract (PTE) in magnesium-depleted and control dogs by the following three methods after thyroparathyroidectomy: (a) assessment of the calcemic response to a set dose of PTE (0.3 U/kg per hr); (b) assessment of PTE dose required to attain normocalcemia; (c) evaluation of regression lines of plasma calcium concentration on PTE dose. The calcemic response of magnesium-depleted thyroparathyroidectomized puppies to a set dose of PTE was similar to that of control puppies. There was no significant difference in the dose of PTE required to attain normocalcemia nor in the dose-response relations between the plasma calcium concentration and the PTE dose. In a group of magnesium-depleted puppies with intact thyroid and parathyroid glands, the dose of PTE required to attain normocalcemia was similar to that required in thyroparathyroidectomized animals, indicating calcitonin was not a factor contributing to hypocalcemia. We conclude that hypocalcemia in magnesium-depleted puppies is not due to refractoriness of end-organs to the calcium-mobilizing action of parathyroid hormone. Defective synthesis or diminished secretion of parathyroid hormone is suggested as an explanation.
INTRODUCTION
Hypocalcemia is a frequent feature of magnesium depletion in man (2) and several other species of animals: dog (3, 4) , cow (5, 6) , pig (7) , and sheep (8) . A study from this hospital of a critically ill newborn infant demonstrated that the hypocalcemia was secondary to hypomagnesemia (9, 10) and prompted us to investigate the pathogenesis of hypocalcemia in the state of magnesium depletion.
Hypocalcemia, from whatever cause, would be expected to stimulate secretion of parathyroid hormone; parathyroid hormone would, in turn, reestablish a normal plasma calcium level except in extreme situations. Amongst various possibilities, failure to correct hypocalcemia in magnesium depletion could be accounted for by any of the following mechanisms involving parathyroid physiology: (a) diminished responsiveness of endorgans to parathyroid hormone, (b) excessive inactivation of circulating parathyroid hormone, (c) impaired synthesis or diminished secretion of hormone by the parathyroid glands.
The present study assesses the responsiveness of magnesium-depleted puppies to parathyroid hormone and was undertaken to clarify the role of the parathyroid glands in the pathogenesis of hypocalcemia in magnesium depletion.
METHODS
Responsiveness to parathyroid hormone was assessed by three criteria, one or more of which were applied in three different studies. The experimental design is summarized in Table I .
Animals. All experiments were performed in female dogs. In study I, the dogs were of various ages, and not necessarily of a single breed. In studies II and III, only purebred beagles1 were studied. Each animal was housed ' Purchased from Marshall Experimental Farm, North Rose, N. Y. in a special metabolic cage. The room temperature was kept constant at 230C. Diet. Synthetic magnesium-deficient and magnesium-supplemented diets were used. Their composition is shown in Table II and the mineral content in Table III . The diets were similar to those of Bunce, Jenkins, and Phillips (3), but the vitamin and mineral contents were modified. In particular, the amount of magnesium in the supplemented diet ("control diet") was increased to 73 mg/100 g diet, to ensure that animals had an adequate intake of mag- All dogs on the magnesium-deficient diet ("magnesiumdepleted dogs") developed significant hypomagnesemia and hypocalcemia; the dogs on the control diet ("control dogs") remained normomagnesemic and normocalcemic.
The "normocalcemic value." The base line plasma calcium concentration of each control dog was taken as the 'The minimum intake of magnesium for adequate nutrition in the dog is stated by Kahil, Parrish, Simons, and Brown (11) to be 16 mg/kg body weight per day, and estimated by Bunce et al. (3) to be approximately 14 mg/ 100 g diet.
Three pairs of beagle puppies were fed ad lib., one animal of each pair receiving the magnesium-supplemented diet, the other receiving a commercial dog chow diet. The average weight at the end of the 6th wk on the diets increased from the initial weight (2.7 kg in each group) to 7.7 kg in the group fed the magnesium-supplemented diet and to 7.1 kg in the group fed the chow diet. The dose of PTE required to attain the "normocalcemic value" for a given animal was calculated from the regression equation relating plasma calcium concentration and log (lose of PTE for that animal. Checnical determinations. Concentrations of magnesium and calcium in the plasma and in ashed samples of diet were determined by atomic absorption and flame emission spectrophotometry respectively (13, 14) . The coefficients of variation of replicate estimations of plasma magnesium and calcium were 1%. Concentrations of inorganic phosphate in the plasma and in ashed samples of diet were determined by the Gomori method (15) using an AutoAnalyzer.'0 The coefficient of variation was 1.9%. Plasma alkaline phosphatase activity was assayed by the method of King and Armstrong (16) . Calcium ion activity of plasma was determined using a calcium-specific flow-through ion exchange electrode" (17) . Other determinations were carried out by standard methods.
Statistical methods. The results are given as mean ±1 SD. Student's t test, analysis of variance, and regression analysis were performed by standard formulas (18) using an IBM 7094 computer.
EXPERIMENTS AND RESULTS Study I EXPERIMENT
The dose of PTE required to attain normocalcemia after thyroparathyroidectomy was assessed in control and magnesium-depleted dogs of various ages. Experimental diets were fed for 3-28 wk before thyroparathyroidectomy. The food intake of control animals was restricted to approximately that of magnesium-depleted animals. The series comprised 11 control and 6 magnesium-depleted animals, aged 10 wk-7 yr, and included 14 beagles and 3 mongrels. Four pairs were litter-mates and permitted a paired comparison of control and magnesiumdepleted animals.
RESULTS
In animals fed on the control diet, plasma magnesium and calcium concentrations remained constant throughout the period of feeding and averaged 1.50 mEq/liter and 5.84 mEq/liter respectively. Plasma magnesium concentration was not affected by the age of the animals but plasma calcium concentrations in two older animals (age 6 and 7 yr) were somewhat lower than the values in young dogs. In animals fed the magnesium-deficient diet, plasma magnesium and calcium concentrations decreased to about 0.5 mEq/liter and 4.5 mEq/liter respectively by the 3rd wk on the diet regardless of the age of the animals, then the values remained constant during the period of magnesium depletion which in some cases was as long as 28 wk.
The dose of PTE required to attain normocalcemia in control and magnesium-depleted dogs was compared in two ways. Considering all the animals in this study (Table IVA) , the mean PTE requirement of control dogs was 0.43 ±0.17 U/kg per hr and of magnesiumdepleted dogs was 0.38 ±0.14 U/kg per hr; these values were not significantly different. Comparing the four matched pairs of litter-mate dogs (Table IVB) there was, similarly, no significant difference in PTE requirement (by paired t test). Regression analysis of PTE requirement on age showed no correlation, indicating that PTE requirement expressed on a unit-weight basis is not affected by the age of animals. Similarly, regression analysis of PTE requirement on duration of experimental diet revealed no correlation whether for control or magnesium-depleted animals. The PTE requirement to attain normocalcemia in the mongrel dogs in this study fell within the range observed in beagles.
This study failed to demonstrate any significant difference in end-organ responsiveness to the calcemic action of PTE when judged on the basis of PTE require- As in study I, this study assessed responsiveness to PTE in magnesium-depleted dogs after thyroparathyroidectomy. However, the experimental design was more rigidly controlled and additional criteria of PTE responsiveness were applied.
The study was carried out in six litter-mate pairs o, purebred beagle puppies, all 9 wk of age and of almost equal starting weights (average weight 2.8 kg). One animal of each pair received the magnesium-deficient synthetic diet ad lib for 6 wk; the litter-mate control animal was pair-fed the same amount of the control diet. Fasting plasma magnesium, calcium, inorganic phosphate, and alkaline phosphatase were measured weekly in all animals. At the age of 15 wk, thyroparathyroidectomy was carried out in pairs in all animals and responsiveness to PTE was assessed in both groups by determining (a) the calcemia response to PTE, 0.3 U/kg per hr; (b) the dose of PTE required to attain normocalcemia: and (c) the regression lines of plasma calcium on PTE dose.
In addition, this study offered the opportunity to observe the effect of magnesium depletion on body weight, food intake, and blood chemistry, in a homogeneous group of animals.
Body weight and food intake. Fig. 1 shows the average body weight and food intake of the animals during the 6 wk on diet. The average weight of puppies receiving the magnesium-deficient diet increased from 2.8 to 4.1 kg, and pair-fed puppies receiving the control diet showed a similar pattern of weight gain. The daily intakes ranged from 143 to 153 g per puppy for each group.
Effects of the experimental diets on chemical values in plasma. Weekly magnesium, calcium, inorganic phosphate, and alkaline phosphatase values are shown in Fig.  2 . Plasma magnesium and calcium changes were similar to those observed in study I. In the puppies fed the magnesium-deficient diet, the plasma inorganic phosphate values increased to 9.7 mg/100 ml by the 3rd wk and remained at this level. Plasma magnesium, calcium, and phosphate concentrations of magnesium-depleted and control animals were significantly different (P < 0.01) within 3 wk. There was no difference in the plasma alkaline phosphatase activity of magnesium-depleted and control animals.
The plasma-ionized calcium values were also decreased in magnesium-depleted animals when tested after 6 wk on the diet (Table V) (Fig. 3) .
Assessment of response to PTE. (Fig. 3) , and the average plasma calcium value of each control and magnesium-depleted animal was calculated in the manner described earlier. The plasma calcium concentrations attained as a result of infusing PTE, 0.3 U/kg per hr were not significantly different in the two groups of puppies (Table VI) .
DOSE OF PTE REQUIRED TO ATTAIN NORMOCALCEMIA:
After the above experiment, the animals were pair-fed their previous diets, and the dose of PTE required to attain normocalcemia was determined. Table VII shows results for each of four pairs of puppies. As in study I, the PTE requirement varied considerably in spite of controlling the age and breed of the animals and the duration of the experimental diets. The 'Study I indicated that PTE in doses of 0.4 U/kg per hr would establish normocalcemia in thyroparathyroidectomized puppies whether fed the magnesium-deficient or the magnesium-supplemented diet. The dose of 0.3 U/kg per hr was chosen with the purpose of inducing only partial correction of hypocalcemia, which in turn would reduce the likelihood that the effect of PTE would be attenuated by other homeostatic mechanisms that limit hypercalcemia. The number of animals are noted in parentheses.
and magnesium-depleted animals after thyroparathyroidectomy. Each point in Fig. 4 represents the mean plasma calcium at each dose of PTE for each individual puppy. The regression lines of plasma calcium on PTE dose for the control and magnesium-depleted groups of animals were derived from these points. The regression coefficients and intercepts of the two lines were not significantly different indicating the similarity of the doseresponse relations of the two groups of animals. Five pairs of purebred litter-mate beagle puppies, aged 8-19 wk, were pair-fed the magnesium-deficient and control diets. The periods of pair-feeding ranged from 7 to 27 wk. Determinations of fasting plasma magnesium and calcium concentrations were made weekly on each animal.
In two of the magnesium-depleted puppies, the dose of PTE required to attain normocalcemia was also determined after thyroparathyroidectomy. This aspect of the study could not be investigated in the remaining three animals.
RESULTS
The plasma magnesium and calcium concentrations of control and magnesium-depleted animals were similar to those observed in studies I and II. The dose of PTE required to attain normocalcemia in magnesium-depleted puppies with intact thyroid and parathyroid glands averaged 0.32 U/kg per hr (Table IX) , a dose comparable to that observed in studies I and II. In two dogs, the dose required after thyroparathyroidectomy was similar to the corresponding preoperative requirement.
DISCUSSION
Normally the concentration of calcium in plasma is maintained within very narrow limits. Parathyroid hormone, probably the most important factor in maintaining calcium homeostasis, increases the concentration of calcium in extracellular fluid and plasma. In the state of magnesium depletion in man and several other animals, hypocalcemia is frequently a prominent associated finding. In our experimental model, restriction of dietary magnesium produced hypomagnesemia and this was accompanied by a decrease in the concentrations of total and ionized calcium in the plasma and an increase in the concentration of plasma phosphate, a picture pointing to a derangement in parathyroid physiology.
The present research was designed to assess parathyroid function in magnesium-depleted dogs by evaluating end-organ responsiveness to the calcemic action of PTE. In study I, the dose of PTE required to attain normocalcemia was determined in animals of various ages and breeds, and after various periods of magnesium restriction. In study II, the same assessment was carried out in pair-fed, litter-mate beagle puppies, all of the same age and with the same period of magnesium restriction. Despite more exacting control of variables in the second study, the results were similar and there were no signifi- Theoretically, other metabolic or physiochemical factors favoring deposition or inhibiting resorption of bone calcium and factors causing negative calcium balance could contribute to the development of hypocalcemia. The similar amount of PTE required to maintain normocalcemia in both groups of animals makes it unlikely that these factors contributed to hypocalcemia.
Having discarded these possibilities as the cause of hypocalcemia, we now propose the hypothesis that the hypocalcemia observed in our magnesium-depleted puppies was due to impaired synthesis or diminished secretion of parathyroid hormone. This implies that magnesium is necessary for the normal function of the parathyroid gland. Because thyroparathyroidectomy caused a further decrease in the plasma calcium concentration in magnesium-depleted puppies, the parathyroid glands obviously had been releasing a certain amount of active parathyroid hormone-an amount which, according to hypothesis, was insufficient to maintain normocalcemia-and the end-organs were responsive to the parathyroid hormone released.
The clear-cut responsiveness of end-organs to the calcemic action of PTE in our magnesium-depleted animals is consistent with the observations in patients with primary hypomagnesemia (10, (19) (20) (21) . These patients showed a prompt increase in plasma calcium concentration in response to PTE administration. On the other hand, several hypomagnesemic patients with chronic alcoholism (22) or steatorrhea (23) failed to show a calcemic response to PTE. Some of the alcoholic patients were hypocalcemic in spite of normomagnesemia (22) , and one of the patients with steatorrhea remained refractory to the calcemic action of PTE after magnesium repletion (23) . Thus factors other than hypomagnesemia may have been involved in the refractoriness of these patients to parathyroid hormone.
In rats, a typical consequence of magnesium depletion is hypercalcemia (4, (24) (25) (26) (27) (28) , and it is widely held that hypomagnesemia causes hyperactivity of the parathyroid glands in this species (24, (27) (28) (29) . However, MacManus and Heaton (30) observed that hypocalcemia occurred in magnesium-depleted rats if, in addition, the dietary calcium was restricted, and we have confirmed this finding by feeding rats a diet containing 0.3 mg magnesium and 3.4 mg calcium per 100 g diet (Table X) . MacManus and Heaton attributed the hypocalcemia of their rats to a reduced rate of bone catabolism caused by the direct effect of magnesium deficiency on bone. They ascribed hypercalcemia in magnesium-deficient rats receiving a liberal calcium intake to enhanced intestinal absorption of calcium, either in response to the secretion of additional parathyroid hormone or because of reduced competition from magnesium for a common transport mechanism in the intestine. However, in view of the evidence that magnesium-deficient rats show a hypercalcemic response to parathyroid extract (27, 30, 31) , it is tempting to suggest as an alternative hypothesis that there is a defect in parathyroid function in magnesium-depleted rats, as we have proposed for the magnesium-depleted puppies. Thus, the magnesium-depleted rat on a low calcium intake would develop hypocalcemia not because of a primary reduction in rate of bone catabolism but because of a deficiency of parathyroid hormone. Hypocalcemia can be readily controlled in the parathyroidectomized rat by feeding a liberal intake of calcium, presumably because of an unusually high efficiency of intestinal calcium absorption (32) . Further, magnesiumdepletion per se enhances intestinal calcium absorption in the rat (33, 34) . We propose that hypercalcemia in the magnesium-depleted rat receiving a liberal intake of calcium might be explained by the overriding effects of these two factors causing increased intestinal calcium absorption despite diminished parathyroid function.
Buckle, Care, Cooper, and Gitelman (35) have shown that, when isolated thyroid and parathyroid glands of goats and sheep were perfused in situ, the concentration of parathyroid hormone in the effluent plasma varied inversely with the magnesium concentration of the perfused blood. Similar relationships were demonstrated in vitro by Sherwood, Herrmann, and Bassett (36) . These responses are attributable to a different physiological phenomenon than the one we are investigating, and are not in contradiction to our findings. The animals employed for the above two studies were not magnesiumdepleted, nor were the ambient magnesium concentrations as low as in our animals. On the other hand, Targovnik, Rodman, and Sherwood (37) have shown recently that the release of parathyroid hormone was diminished when bovine parathyroid glands were incubated in media containing very low concentrations of magnesium (<0.3 mM). This finding is consistent with our hypothesis regarding the causation of hypocalcemia in the magnesium-depleted dog.
